ABBREVIATIONS CN = cranial nerve; CS = cavernous sinus; EEA = endoscopic endonasal approach; GTR = gross-total resection; ICA = internal carotid artery; PTR = partial tumor resection; QOL = quality of life; STR = subtotal resection. OBJECTIVE In the past decade, the role of the endoscopic endonasal approach (EEA) has relevantly evolved for skull base tumors. In this study, the authors review their surgical experience with using an EEA in the treatment of clival chordomas, which are deep and infiltrative skull base lesions, and they highlight the advantages and limitations of this ventral approach. METHODS All consecutive cases of chordoma treated with an EEA between 1998 and 2015 at a single institution are included in this study. Preoperative assessment consisted of neuroimaging (MRI and CT with angiography sequences) and endocrinological, neurological, and ophthalmological evaluations, which were repeated 3 months after surgery and annually thereafter. Postoperative adjuvant therapies were considered. RESULTS Sixty-five patients (male/female ratio 1:0.9) were included in this study. The median age was 48 years (range 9-80 years). Gross-total resection (GTR) was achieved in 47 cases (58.7%). On univariate analysis, primary procedures (p = 0.001), location in the superior or middle third of the clivus (p = 0.043), extradural location (p = 0.035), and histology of conventional chordomas (p = 0.013) were associated with a higher rate of GTR. The complication rate was 15.1%, and there were no perioperative deaths. Most complications did not result in permanent sequelae and included 2 CSF leaks (2.5%), 5 transient cranial nerve VI palsies (6.2%), and 2 internal carotid artery injuries (2.5%), which were treated with coil occlusion of the internal carotid artery without neurological deficits. Three patients (3.8%) presented with complications resulting in permanent neurological deficits due to a postoperative hematoma (1.2%) causing a hemiparesis, and 2 permanent ophthalmoplegias (2.5%). Seventeen patients (26.2%) have died of tumor progression over the course of follow-up (median 52 months, range 7-159 months). Based on Kaplan-Meier analysis, the survival rate was 77% at 5 years and 57% at 10 years. On multivariate analysis, the extent of tumor removal (p = 0.001) and the absence of previous treatments (p = 0.001) proved to be correlated with a longer survival rate. CONCLUSIONS The EEA was associated with a high rate of tumor removal and symptom control, with low morbidity and preservation of a good quality of life. These results allow for a satisfactory overall survival rate, particularly after GTR and for primary surgery. Considering these results, the authors believe that an EEA can be a helpful tool in chordoma surgery, achieving a good balance between as much tumor removal as possible and the preservation of an acceptable patient quality of life. https://thejns.org/doi/abs/10.3171/2016.11.JNS162082 KEY WORDS clivus chordoma; endoscopic endonasal approach; quality of life; surgical complications; survival rate; surgical outcome; CSF leak; oncology B ecause of their origin and pattern of growth, clival chordomas are an ideal target for the endoscopic endonasal approach (EEA). 5, 11, 13, 20, 23, 24, 29 Unlike other more aggressive transcranial approaches, the EEA allows ventral exposure of these deep tumors, avoiding brain retraction or major vascular and neural manipulation. 1, 6, 9, 13, 18, 21, 22, 25, 27, 28 The EEA also facilitates wide tumor resection following the path of growth of these insidious tumors. 5, 11, 13, 20, 23, 24, 29 Although several reports have detailed the feasibility
and safety of the EEA for the treatment of clival chordomas, few studies have evaluated the mid-and long-term results in order to assess the effectiveness of this approach in achieving tumor control and to study prognostic factors. [2] [3] [4] 7, 8, 10, 12, 13, 16, 26, 27, 30 In this study, we review our 16-year experience with 65 consecutive patients with clival chordomas treated with the EEA. We detail the evolution of this approach over time, demonstrating not only expansion of the indications but also the progressive better understanding of its advantages and limitations.
Methods
We retrospectively reviewed every patient with a diagnosis of chordoma treated with an EEA between 1998 and December 2015 in the Center of Pituitary and Endoscopic Skull Base Surgery of the IRCCS Istituto delle Scienze Neurologiche di Bologna, Italy. All procedures were performed by the senior authors (G.F., E.P., and D.M.).
During the 16 years of this study, our attitude toward EAA progressively improved and evolved. Initially, EEA was mostly reserved for extradural midline chordomas of the upper and middle thirds of the clivus. Increased experience and technical improvements led us to extend the indication to tumors involving the inferior third and the craniovertebral junction as well as to lesions with intradural extension, including in patients with clear brainstem invasion. Over time, an increasing number of tumors with paramedian extension have been considered suitable for EEA, starting with tumors involving the cavernous sinus (CS) and then broadening the indications to tumors extending into the infratemporal and pterygopalatine fossae, the jugular foramen, and the occipital condyles. It appears that a distinct transition to the use of the EEA in the treatment of more complex lesions occurred in 2007 after a 9-year learning curve.
Prior to surgery, comprehensive written informed consent was obtained for the surgical removal of tissue samples and the related diagnostic procedures. All information regarding the human material used in this study was managed using anonymous numerical codes, and samples were handled in compliance with the Declaration of Helsinki. The diagnosis of chordoma was histologically revised in all cases by a board-certified pathologist with particular experience in skull base tumors.
All patients underwent a preoperative multidisciplinary evaluation that included neurological examination, complete endocrinological baseline tests (serum prolactin, cortisol, thyroid-stimulating hormone, adrenocorticotropic hormone, free thyroxine, growth hormone, luteinizing hormone, follicle-stimulating hormone, and gonadotropins, and possible signs of diabetes insipidus) and evaluation for tumors involving the sellar compartment, and ophthalmological examination for tumors with radiologically proven compression of the optic apparatus. Preoperative neuroradiological assessment included brain MRI and CT angiography sequences to check for bone erosion and displacement of the carotid arteries, respectively. Careful notes were made about the type and degree of previous treatments for the target lesion, including surgery, radiation therapy, and other medical treatment. Complications were assessed based on the postoperative clinical reports.
Neurological, endocrinological, and ophthalmological evaluations as well as MRI were repeated 3 months after surgery and annually thereafter to assess the clinical outcome and extent of tumor resection.
Gross-total resection (GTR) was defined as no visible tumor remnant on postoperative MRI as assessed by a board-certified neuroradiologist, and subtotal resection (STR) was defined as residual tumor of less than 20% of the original mass detected on postoperative imaging. Partial tumor resection (PTR) was defined as residual tumor greater than 20%.
Postoperative adjuvant therapy (standard radiotherapy, proton beam radiotherapy, or other treatments) were considered in every case after resection. Quality of life (QOL) at follow-up was evaluated using the Katz index of independence in activities of daily living (Table 1) . 17 To identify prognostic factors predictive of the extent of resection and survival, demographic (sex and age), clinical (previous treatment of any type), radiological (extent of clival involvement and intradural invasion), and histological (tumor histology and proliferative index) parameters were collected.
Surgical Approach
Our surgical technique was reported elsewhere. 12 Briefly, the patient was placed in the semisitting position, with the thorax slightly elevated. After oral endotracheal anesthesia, the laryngopharynx was packed with gauze. Routinely, we use neuronavigation (StealthStation S7, Medtronic), based on CT angiography results, processed through StealthMerge Software (Medtronic) and neurophysiological monitoring. The extent and subtype of approach depended on the location of the tumor in the upper, middle, or lower clivus and on its lateral extension ( Fig. 1 ).
For tumors located in the upper clivus, we performed a standard endoscopic midline transsphenoidal approach with displacement or resection of the middle concha, followed by a posterior septostomy and a wide anterior sphenoidotomy. Extradural intraosseous chordomas can usually be identified after drilling the upper clivus as much as necessary, while intradural tumors require exposure and opening of the dura ( Fig. 2A and B ). For extradural tumors in the upper third of the clivus, the lateral limit of the exposure is the paraclival carotid artery, while for intradural extension the lateral limit is determined by a sagittal plane intersecting cranial nerve (CN) III, which should be respected in order to avoid injury of the nerve ( Fig. 2C and D) . Further, lateral extension of this approach can be achieved through an ethmoid-pterygo-sphenoidal route, consisting of an ethmoidectomy followed by medial maxillectomy and drilling of the tip of the vertical process of the palatine bone and of the medial pterygoid process. For middle clivus chordomas, we used an extended transsphenoidal approach by drilling the sphenoidal floor between the paraclival tract of the internal carotid arteries (ICAs), using the vidian nerve as a landmark (Figs. 3A, 3B, 4, and 5). For extradural lesions, the lateral limit of this approach is represented by the ICAs, while for intradural tumors, the lateral limit is a sagittal plane intersecting CN VI. It is not uncommon for chordomas involving the middle clivus to spread to surrounding areas, especially the pterygopalatine and the infratemporal fossa. In such cases, addition of a transmaxillo-pterygoid approach is advantageous.
Lesions situated in the inferior third of the clivus or involving the craniovertebral junction can be exposed through skeletonization of the rhinopharynx. We prefer to dissect the muscle planes, performing a rhinopharynx flap with an inverted U shape, starting behind one eustachian tube to the other (Fig. 6 ). This flap can be displaced downward during tumor removal and repositioned with sutures at the end of the surgery to support the multilayer plastic repair. As in other segments of the clivus, the ICA in its parapharyngeal tract represents the main lateral extradural limit of this approach, while for intradural lesions the lateral limit is the plane intersecting CNs IX, X, and XI and, inferiorly, CN XII.
In case of intraoperative CSF leakage, a watertight plastic repair is mandatory. We use a multilayer technique with fascia lata, eventually abdominal fat and a piece of cartilage or bone, and a pedicled flap or a free graft of mucoperiosteum obtained from the septum or middle turbinate. The nasal cavity is filled with Gelfoam and Merocel (Merocel Corp.). 
Statistical Analysis
Continuous variables are presented as median and range, while categorical variables are reported as absolute frequency and relative frequency. Fisher's exact test was used to evaluate the association between GTR and other variables (age, sex, other preoperative treatments, clivus location, relationship with the dura layer, histotype, and replicability index) when the unit of analysis was the procedure.
The survival function was calculated with Kaplan-Meier estimates and compared for each variable (age, sex, other preoperative treatments, clivus location, relationship to the dura, histotype, replicability index, and extent of tumor removal) using the log-rank test when the unit of analysis was the patient. Univariate and multivariate Cox regression analyses were performed to study the association between the death rate and previously mentioned risk factors.
All p values are based on 2-sided tests, and p < 0.05 was considered significant. Statistical analysis was performed using the statistical package Stata/SE (version 14.0, StataCorp).
Results
Between 1998 and December 2015, 65 patients (34 males and 31 females; median age 48 years, range 9-80 years) with clival chordomas were treated with 80 en-doscopic endonasal procedures. Thirty-seven patients (56.9%) underwent primary procedures, while 28 (43.1%) patients had undergone previous treatments (after surgery alone in 15, after surgery and radiation therapy in 12, and after radiation therapy alone in 1). Most lesions were located in the superior and middle thirds of the clivus (45 cases, 56.3%), as summarized in Table 2 . The tumors were extradural in 55 cases (68.8%), and of these, 43 (53.8%) presented with an infiltration of the dura without trespassing. Intradural extension was present in 25 cases (31.2%) ( Table 3 ). The brainstem was invaded in 2 cases (2.5%).
Preoperative clinical findings are summarized in Table  4 . The most common symptom at presentation was ophthalmoparesis (35 patients, 53.8%). Symptoms and signs of pituitary dysfunction were present in 6 patients (9.2%) and visual disturbances were observed in 12 patients (18.5%).
Histological findings are reported in Table 5 . Among the 15 patients who had undergone multiple surgeries for tumor progression or recurrence, the tumor histotype changed from conventional to dedifferentiated chordoma in 1 case. Furthermore, in 8 of these 15 patients the proliferative index, evaluated by Ki-67 staining, increased after each surgery. MRI at 3 months revealed GTR in 47 (58.7%), STR in 28 (35%), and PTR in 5 (6.2%) cases, respectively.
On univariate analysis, the main elements showing a significant correlation with the GTR rate were absence of previous treatments (p = 0.001), location in the superior or middle third of the clivus (p = 0.043), extradural location (p = 0.035), and histology of conventional chordoma (p = 0.013).
The overall surgical morbidity was 15.1%, and there were no perioperative deaths ( Table 6 ). Most complications did not result in permanent sequelae and included 2 CSF leaks (2.5%), 5 transient CN VI palsies (6.2%), and 2 ICA injuries (2.5%), which were treated with coil 
FIG. 4.
Intraoperative endoscopic endonasal images. Left: 30° scope. The carotid artery is a relative lateral limit of the EEA in the extradural space. Indeed, as in this case it is possible to remove portions of the tumor behind the vessel with an angled optic and other angled instruments. Right: 30° scope. The tumor is completely resected, and the dura of the poster fossa is exposed. occlusion of the ICA without neurological deficits. One ICA injury occurred in the early phase of our experience, and the other occurred while removing a dedifferentiated chordoma at the petroclival junction that had invaded the vessel wall. Complications resulted in permanent neurological deficits in 3 cases (3.8%). These included a postoperative hematoma (1.2%) resulting in a hemiparesis, and 2 permanent ophthalmoplegias (2.5%).
All but 5 patients who had undergone primary treatment were treated with postoperative proton therapy. Three patients were treated with conventional radiotherapy because of patient preference, and the remaining 2 patients had poor Karnofsky Performance Scale scores.
After a mean follow-up of 52 months (median 48 months, range 7-159 months), 4 (6.2%) de novo endocrinological deficits were observed. Visual function normalized or improved in 4 of the 12 cases (33%), while it remained unchanged in the other cases. Two cases of de novo ophthalmic deficits were observed (3.1%). As reported in Table 7, ophthalmoplegia resolved postoperatively in 7 cases (20%) and improved in 6 cases (17%).
During the follow-up, a total of 24 patients (40%) presented with a recurrence/tumor remnant growth after a median time of 20.5 months (range 12-55 months). Twentytwo patients experienced regrowth after a PTR, and 4 had a recurrence after an MRI-documented GTR. Seventeen patients died of tumor recurrence/progression (26.2%). Based on Kaplan-Meier analysis, survival rates were 77% at 5 years and 57% at 10 years (Fig. 7) . Among all factors, only the extent of tumor resection and primary treatment correlated independently with increased survival in multivariate analysis (p = 0.001 for both) ( Table 8 ). At follow-up, independent performance of activities of daily living was normal, with complete return to the previous social and working level in 37 patients (57%); worsening was observed in 7 patients (10.7%). One patient (1.5%) was partially dependent and 3 (4.6%) were fully dependent and needed constant assistance from a caregiver for routine daily activities.
Discussion
In a consecutive series of 65 patients who underwent an EEA during a 16-year period, we observed a low rate of complications with permanent neurological sequelae (3.8%) and a satisfactory rate of GTR (58.7%). Over this time, our attitude toward EEA progressively evolved, leading to the extension of its indications and to the inclusion of more complex chordomas. This evolution began with purely midline extradural tumors located in the sphenoid sinus, followed by cases with lateral extension, such as the CS, and then infratemporal and pterygopalatine fossae and jugular foramen tumors. Finally, we extended our approach inferiorly all the way to the craniocervical junction and to intradural lesions. We noted that we had broadened our indications to include more complex tumors after 9 years, concurrently with a significant increase in our surgical experience and technological advances. Our strategy was based on the considerations that EEA represents a more direct route and is less invasive with a favorable complication rate compared with other transcranial and more invasive approaches. 1, 6, 9, 13, 18, 21, 22, 25, 27, 28 In this study, we observed that the location of the tumor in the inferior third of the clivus, its intradural extension, and previous treatment (surgery and/or radiation therapy) correlated with less tumor removal. In a meta-analysis, Komotar et al. observed that GTR was achieved in a significantly greater percentage of EEA patients (61%) than in open surgery patients. This result, which is similar to ours, confirms the replicability and standardization of the results among different experienced centers with EEA. 19 That study yielded an overall survival rate after open surgery of 72.7% at 3 years and 65.7% at 5 years. 4, 15, 19 In our experience, we observed a similar survival rate at 5 years on Kaplan-Meier analysis, allowing assessment of the positive results of our multimodal strategy (EEA followed by radiation therapy). Due to the short follow-up of our study, the survival rate at 10 years should be considered as a preliminary report, and further series are necessary to confirm these data. In our series, among all tested parameters, GTR and an absence of previous treatments correlated with better survival rates on multivariate analysis. Although we have observed that other factors, such as location in the superior of middle third of the clivus (p = 0.043), extradural location (p = 0.035), and histology of conventional chordoma (p = 0.013), can influence the GTR rate, these parameters were not independently associated with a better survival rate. This leads to 2 considerations: the goal of surgery for chordoma should be radical surgery whenever possible, followed by radiation therapy; for primary cases, the goal of GTR is highly desirable. 15 One of the main advantages of the EEA is the low complication rate compared with other more invasive approaches. Indeed, CSF leakage in our study occurred only in 2 cases (2.5%), one early in 2007 and the other in the most recent part of our experience in 2013. Permanent neurological deficits in our study occurred in 3.8% of cases, consisting of 2 permanent CN VI palsies and 1 severe hemiparesis due to postoperative hemorrhage. We observed, as reported by Gardner et al., 14 that the risk of ICA injury is higher for chordomas than for other tumors treated through an EEA. In our experience, 1 ICA injury occurred in the early part of our experience, when the technique and technological instrumentation were still not adequately developed. The other injury was related to invasion of the vessel wall by a dedifferentiated chordoma. QOL was preserved at preoperative levels in the majority of cases, due to the low morbidity rate and the good tolerability of this approach. Unfortunately, the retrospective nature of this study allowed us to adopt the Katz index only during the patient's follow-up. Future studies focused on the neuropsychological outcome of this surgery are desirable to investigate this topic more accurately.
Our study has some limitations related to the inability to adequately assess more long-term survival (longer than 10 years) and the lack of a control group of patients treated with transcranial approaches or managed differently. Nevertheless, given the relatively large number of patients treated by our multidisciplinary team, we can conclude that the EAA has been shown to be effective in achieving good rates of GTR with an acceptable low complication rate.
Conclusions
This series illustrates our progressive evolution with increasing experience and development of dedicated tools to include more complex lesions but only after 9 years of early experience mostly with purely midline lesions. Despite all of the advances, results of modern surgery, including endoscopic endonasal treatment of clival chordomas, are far from ideal with high rates of progression and recurrence at follow-up. However, we have shown that EEA can achieve a good balance between the highly desirable goal of a tumor removal (i.e., as much as possible) and the preservation of an acceptable QOL for the patient. 
